This is a demonstration of how electrical models can be used to characterize biological membranes. This exercise also introduces biophysical terminology used in electrophysiology. The same equipment is used in the membrane model as on live preparations. Some properties of an isolated nerve cord are investigated: nerve action potentials, recruitment of neurons, and responsiveness of the nerve cord to environmental factors.
INTRODUCTION

1.1) Background
A fundamental knowledge of electrical circuits is a valuable tool for understanding and conceptualizing many aspects of physiological experimentation and theory. This exercise is intended to acquaint you with some general principles involving voltage sources, electrical resistance, and electrical capacitance. These introductory concepts provide the background for understanding such phenomena as synaptic transmission and the spread of electrical signals along a nerve fiber.
A word of caution: In standard everyday electrical circuits composed of metal wires and resistors, CURRENT is carried by electrons, which have a negative charge. In biological systems, current is carried by IONS, which may have one or more positive or negative charges. By convention, current flows from positive to negative (although of course electrons actually move the other way).
The components of the circuit represent the electrical properties of living tissue and in some cases that of inanimate objects (such as electrodes) involved in its study.
In working through the exercise, keep notes of results and calculations.
1.2) General Principles
The basic properties of electrical circuits in which direct current is flowing are described by Ohm's Law V = IR Where V = voltage in volts (V) I = current in amps (A) R = resistance in ohms (Ω) 1 Recreate Network 1 on the breadboard using a 1500 Ω resistor; the PowerLab serves as the voltage source (1.5 V). Measurements of voltage, current, and resistance are made with the Volt meter. In order for the Volt meter to gather accurate data, both the red and black probes must be in contact with bare wire in circuit. Also, the dial should be adjusted to DC voltage in a range appropriate for the scale of any individual experimental setup. For the voltage measurement, touch both probes of the Volt meter across the two ends of the resistor. When measuring the resistance of the resistor (not the voltage drop), DISCONNECT the voltage source and, again, touch both probes across the resistor. To measure current, the Volt meter must be in SERIES in the circuit; take note that the red and black probes must be oriented properly in reference to the current flow. In terms of a muscle membrane one can think of an increased capacitance due to increase in surface area of membrane by the associated Ttubules which results in a larger membrane capacitance as compared to a neuron. Smaller capacitors can be used to illustrate the decreased capacitance due to addition of myelin to an unmyelinated nerve axon. The main point here to learn is that the electrical capacitance is proportional to surface area, and inversely related to thickness of the dielectric layer (myelin) which separates the "plates" or storing surfaces of the capacitor.
The properties presented on a model circuit are observed in live preparations. However, cells vary in their properties such as leakage across the membrane and axial resistance. Some cells do not generate action potentials. However, an action potential is produced when a signal is needed to be transmitted over a few millimeters because passive electrical properties of cells attenuate signals over a few millimeters. In the next series of experiments the recording of action potentials is illustrated. 
CONDUCTION PROPERTIES OF NERVE CELLS
2.1) From a bread board to living cells
The passive properties demonstrated in the circuit board exercises are also measurable in living cells; however, these passive properties can be complicated to tease out when accompanied with action potentials in nerve cells. The active properties of the neuron are its ability to maintain a resting membrane potential, generate action potentials, and regenerate them along a length of membrane.
Electrical flow along a nerve cord can also be regenerative within individual neurons and from one neuron to the next. In the crayfish ventral nerve cord (VNC), some neurons communicate via septate (i.e. gap) junctions. As demonstrated in the earlier exercises with the bread board, altering the resistance can impede conduction of electrical signals. This is analogous to altering the flow of current through gap junctions within the ventral nerve cord.
The conduction velocity and other properties of the compound action potential in the VNC are examined in the next series of experiments. We will demonstrate how to obtain the VNC for experimentation and how to elicit and measure the responses using standard equipment designed for teaching student laboratories.
2.2) The crayfish preparation
The crayfish ventral nerve cord is best suited for this experiment. The nerve is easily dissected, and a variety of protocols that effect conduction can be used with this preparation. Before starting this experiment, become familiar with the crayfish anatomy terms below:
Figure 9. General crayfish anatomy diagram.
Modified from: http://www.enchantedlearning.com
2.3) Background on conduction in a nerve
The crayfish ventral nerve cord functions in transmitting signals that initiate escape responses such as the tail flip reaction. For this experiment, recordings will be taken from the entire intact nerve cord. The individual potentials from each neuron within the nerve cord sum together to give rise to the compound action potential, which provides the measurable electrical pulses shown by the recording software. Erlanger, Gasser, and Bishop (1924) are some of the pioneers who described compound action potentials. Characteristics of the refractory period, conduction velocity and the neural effects of the gap junction inhibitor 1-heptanol or temperature are shown. Learning the basic principles of nerve cell signals contributes to a better understanding of neurological function in general (Bennett, et al., 1991; Furshpan et al., 1959; Watanabe and Grundfest, 1961 ). Select the "Start" button at the lower left of the screen. Given the above settings, a clearly defined compound action potential should appear on the Scope data collection box ( Figure 11 ). Sketch the general shape of the action potential on the graph below ( Figure 12 ): Slowly decrease the voltage using the tab at the top left of the screen. The action potential should become smaller in magnitude until its characteristic wave pattern likewise disappears. Decreasing the voltage reduces the number of neurons that are recruited to fire the compound action potential. The larger axons are likely the recruited at the lower voltages and are the faster conducting ones which would tend to appear first in the compound action potential. Incrementally increase the voltage to observe the opposite effect; as more neurons are recruited, the compound action potential wave grows larger. This exercise illustrates the fact that individual neurons have different thresholds for action potential production. When the compound action potential does not increase any further with increasing stimulating voltage, all the neurons have been recruited; two distinct peaks in the action potential wave on the computer screen should be visible.
2.4) Materials
Item
Exercise 2.
After examining neuron recruitment and the resulting compound action potential, observe the effect of the refractory period. This can be done by giving two stimuli close together in time and varying the interstimulus interval, then observing at what interstimulus interval the compound action potential, elicited by the second stimulus, is reduced in amplitude compared to the first compound action potential. Change the delay between pulses using the tab in the top left corner of the screen. Keep shortening the delay until the second compound action potential cannot be elicited. The time between pulses at which a second action potential is no longer elicited is the absolute refractory period. The time between the end of the absolute refractory period to the time when a second stimulus generates an action potential of full amplitude is termed the relative refractory period. Give an estimate of the absolute and relative refractory periods in the spaces provided.
